Abstract The cellular and extracellular matrix accumulations that comprise the lesions of atherosclerosis are driven by local release of cytokines at sites of predilection for lesion formation, and by the specific attraction and activation of cells expressing receptors for these cytokines. Although cytokines were originally characterized for their potent effects on immune and inflammatory cells, they also promote endothelial cell dysfunction and alter smooth muscle cell (SMC) phenotype and function, which can contribute to or retard vascular pathologies. Atherosclerosis remains the leading cause of death in Western countries and represents a specialized inflammatory process whose regulation is dependent upon an intricate network of cytokine and chemokine signaling (1-4). The slowly developing changes in the artery wall that ultimately lead to vessel blockade and clinical sequelae occur within the innermost layer (intima) of the artery. Most commonly, lesions result from the chronic inflammatory response to oxidative modification of low density lipoprotein (LDL), which leads to the subendothelial accumulation of cells. Intimal accumulation includes monocytes, lymphocytes, and some smooth muscle cell (SMC) progenitors from the blood and SMCs from the vessel wall, together with SMC-derived extracellular matrix (ECM). The cell and matrix accumulation that establishes lesions of atherosclerosis is driven by elevation and modification of lipoproteins that lead to the release of cytokines at sites of predilection for lesion formation, and by the specific attraction of cells expressing receptors for these cytokines. Local release of cytokines and limited expression of their specific receptors help explain the focal nature of lesions of atherosclerosis.
Atherosclerosis remains the leading cause of death in Western countries and represents a specialized inflammatory process whose regulation is dependent upon an intricate network of cytokine and chemokine signaling (1) (2) (3) (4) . The slowly developing changes in the artery wall that ultimately lead to vessel blockade and clinical sequelae occur within the innermost layer (intima) of the artery. Most commonly, lesions result from the chronic inflammatory response to oxidative modification of low density lipoprotein (LDL), which leads to the subendothelial accumulation of cells. Intimal accumulation includes monocytes, lymphocytes, and some smooth muscle cell (SMC) progenitors from the blood and SMCs from the vessel wall, together with SMC-derived extracellular matrix (ECM). The cell and matrix accumulation that establishes lesions of atherosclerosis is driven by elevation and modification of lipoproteins that lead to the release of cytokines at sites of predilection for lesion formation, and by the specific attraction of cells expressing receptors for these cytokines. Local release of cytokines and limited expression of their specific receptors help explain the focal nature of lesions of atherosclerosis.
Cytokine signaling can have a multiplicity of effects on vascular cell functions and can further promote lesion expansion or, alternatively, retard progression. Cytokines and their receptors are tightly and independently controlled, and this regulation is critical to limiting the multiplicity of their effects. In our attempt to examine the cytokine effects of greatest relevance to vascular disease, we have limited this review to the cytokines and receptors that have been identified and demonstrated to have cellspecific effects in vascular pathologies in vivo . Although the definition of cytokine varies in the spectrum of cell regulatory proteins included, we have restricted our discussion to cytokines with major effects on the immune and inflammatory responses, to the exclusion of connective tissue and hematopoietic growth factors. This review focuses on cytokines acting upon the endothelium and SMCs; the accompanying review in this series by Alan 
UPREGULATION OF CYTOKINES AND THEIR RECEPTORS IN VASCULAR INJURY AND DISEASE
Complex networks of cytokines interact to homeostatically regulate the inflammatory and immune responses and other biological pathways. As demonstrated in Table  1 , the array of cytokines and chemokines with known expression and actions in vivo in vascular pathologies is quite extensive and diverse. Constitutive production of these cytokines and chemokines is low or absent in normal vessels, but is significantly induced in vascular pathologies, including atherosclerosis. Cytokines such as tumor necrosis factor (TNF)-␣ that are transcriptionally induced by innate immune challenges, such as modified lipids associated with atherosclerosis, are potent inducers of a number of other cytokines and chemokines (5) (6) (7) . This apparent autoamplification system can make it difficult to define the direct actions of a particular cytokine, yet it allows a single cytokine signaling pathway to induce a cascade of overlapping and complementary cytokines. However, cytokine production by inflammatory cells or vascular cells is usually transient, and released cytokines act mainly by binding to neighboring target cells (paracrine) or to the cell of their origin (autocrine).
Because of the multiple and potent effects of cytokines on cell adhesion, migration, proliferation, and survival, their actions are further regulated at multiple levels. Once chemokines and cytokines are secreted, their diffusion and localization can be controlled by binding to the ECM (8) . Release of chemokines from the matrix is then often dependent upon specific proteolysis, such as the matrix metalloproteinase-2-mediated release that has been shown for CC chemokine ligand (CCL)11/eotaxin (9) . Proteolysis is also required for the release of transmembrane-spanning cytokine precursors, such as TNF-␣ , and can remove necessary receptor binding domains of others, such as CCL2, that effectively transform them into antagonists (8) . Specific expression of receptors is required for a cell to be responsive to individual cytokines, and can be limited to specific cell types, as shown in Table 1 . For example, the chemokine fractalkine that can act as an adhesion molecule and a chemokine attractant is made by endothelial cells, SMCs, and monocytes, whereas T cells, monocytes, and SMCs express its receptor, CX3C chemokine receptor 1 (CX3CR1) (10) . Within advanced human lesions, the cells expressing and responding to fractalkine appear to be even more limited, and there is a positive correlation between the number of fractalkine-expressing cells (primarily macrophages) and the number of CX3CR1-expressing cells (predominantly SMCs) (10) . In addition to signaling receptors, evidence exists for decoy receptors and soluble receptors that can serve as natural ligand antagonists (8, 11, 12) . Thus, the presence of the cytokine and its receptor does not mean it is active. Understanding the complexities of the cytokine regulatory network is crit- 
Cytokines and chemokines with known expression and actions in vascular pathologies are listed in this and other tables. Chemokines are listed using their structural classification according to the position of the N-terminal cysteines. Apo, apolipoprotein; B, B lymphocyte; CCL, CC chemokine ligand; CCR, CC chemokine receptor; CX3CL1, CX3C chemokine ligand 1; CXCL, CXC chemokine ligand; CXCR, CXC chemokine receptor; EC, endothelial cell; IFN, interferon; IL, interleukin; M, monocyte/macrophage; MIF, macrophage migration inhibitory factor; TNF, tumor necrosis factor; SMC, smooth muscle cell; T, T lymphocyte; TNFR, tumor necrosis factor receptor; tx, transplant.
at PENN STATE UNIVERSITY, on February 23, 2013 www.jlr.org Downloaded from ical to intervening with the activities of cytokines, and may even be employed to locally control their actions.
CYTOKINE INDUCTION OF LOCALIZED ENDOTHELIAL CELL DYSFUNCTION
Endothelial cells line the artery wall and are critical to the maintenance of normal homeostasis. Among the earliest changes following the administration of a hypercholesterolemic diet in experimental models of atherosclerosis is the focal adhesion of leukocytes to sites of predilection for lesion formation (1) . Cytokines can significantly modify endothelial cell gene expression, and in so doing, promote this focal formation of lesions of atherosclerosis. Table 2 highlights in vivo studies that have characterized endothelial cell-specific effects of altering cytokine signaling in vascular pathologies. Below, we discuss the significance of the different modulations for endothelial cell functions. However, the recent characterization of regional differences in endothelial gene expression profiles suggests that endothelial heterogeneity in microvessels versus macrovessels and arteries versus veins may lead to distinct cytokine responses that could contribute to divergence of disease susceptibility (13, 14) .
Local release of cytokines increases endothelial cell adhesion molecule expression that promotes leukocyte recruitment
In experimental models of atherosclerosis, the initiation of a high-cholesterol diet rapidly induces expression of specific adhesion molecules at sites of predilection for lesion formation (1) . Cytokines, such as TNF-␣ , are potent stimulants of adhesion molecule expression (5, 6, 15) , and the absence of its signaling receptor can inhibit their expression and leukocyte infiltration of the vessel wall (16) . Similarly, targeted deletion of a natural inhibitor of interleukin (IL)-1, the IL-1 receptor antagonist (IL-1Ra), effectively increases local concentrations of IL-1 in apolipoprotein E (apoE) Ϫ / Ϫ mice, increases mRNA expression of the adhesion molecules vascular cell adhesion molecule (VCAM)-1 and intercellular adhesion molecule (ICAM)-1 in the aorta, enhances mRNA levels of the leukocyte chemokine monocyte chemoattractant protein (MCP)-1, and promotes a 1.9-fold increase in monocyte accumulation (17) . Mice lacking the IL-1 receptor I have also been shown to be unable to induce E-selectin expression when injected with IL-1 (18) . Thus, multiple cytokines are sufficient to induce specific adhesion molecule expression.
Transplant atherosclerosis remains the leading cause of graft failure. It is characterized by involvement of the entire wall of the artery, and results in a concentric lesion that often involves long segments of affected arteries (19) . Although the exact immunologic mechanisms responsible for chronic vascular rejection are not known, evidence is consistent with involvement of alloreactive T lymphocytes and antibodies (20) . Cytokine regulation of adhesion molecule expression on graft endothelial cells can contribute to lymphocyte recruitment to the graft. Analysis of rejecting murine heterotopic cardiac allografts has shown that endothelial expression of VCAM-1 can be abrogated and ICAM-1 expression reduced by treatment with either a soluble TNF-␣ receptor or IL-4 antagonists (monoclonal antibody and soluble IL-4 receptor) (21) . Although either treatment reduced but did not eliminate leukocyte infiltration, the allografts were rejected at the same rate, potentially due to continued expression of multiple cytokines within the graft. So, although TNF-␣ and IL-4 have clear roles in regulating adhesion molecule expression in allografts, elimination of VCAM-1 expression is not sufficient, nor is VCAM-1 essential, for graft rejection (16) . The absence of the anti-inflammatory cytokine IL-10 has also been evaluated in mice receiving cardiac allografts. Although targeted deletion of IL-10 led to enhanced leukocyte recruitment and graft rejection, molecular changes in endothelial phenotype were not evaluated (22) .
Endothelial adhesion molecule function can also be altered by cytokines
For leukocytes to deposit within the intima, they must undergo a sequence of interactions with the endothelium. Initially, this includes tethering and rolling along the endothelial surface until chemokine stimuli cause the rolling leukocytes to arrest and adhere to the endothelium, followed by migration to endothelial junctions and transendothelial cell migration. Cytokines and chemokines can also significantly enhance the function of endothelial cell adhesion molecules at all stages of transendothelial cell migration. Analysis of mice with targeted deletion of macrophage migration inhibitory factor (MIF), using intravital microscopy to examine transendothelial migration in the inflamed cremaster muscle, revealed a significant reduction in P-selectin-dependent leukocyte rolling and adhesion, and reduced entry of leukocytes into the site of inflammation (23) . The effect of administration of chemokines has also been examined in lesion-prone apoE Ϫ / Ϫ mice. Ex vivo perfusion of apoE Ϫ / Ϫ carotid arteries has shown a keratinocyte chemokine (KC)/growth-related oncogene (GRO)-␣ -dependent monocyte arrest, but no effect of inhibition of MCP-1 or its receptor, CC chemokine receptor (CCR)2 (24) . The KC/GRO-␣ -dependent monocyte arrest could be inhibited by blockade of either integrin ␣ 4 ␤ 1 or VCAM-1, and the authors have proposed that the arrest is due to chemokine regulation of integrin avidity and adhesiveness, because it is dependent upon CXCR2 signaling (24) and based upon in vitro chemokine modulation of integrin avidity (25) . Perfusion of the carotid artery with KC was also able to further enhance monocyte arrest, demonstrating the ability of locally released KC to increase the extent of monocyte arrest (24) , an effector mechanism also employed by TNF-␣ (7). IL-15 appears to act at a later step by inducing endothelial hyaluronan expression that promotes a CD44-mediated pathway, which enhances transendothelial cell migration (26) . Thus, cytokines and chemokines can modulate adhesion molecule properties to further enhance leukocyte recruitment. 
Cytokines can protect endothelial cells from apoptosis
Endothelial cell apoptosis has the potential to expose the underlying basement membrane, which can lead to thrombosis and further promotion of the inflammatory response. Enhancement of endothelial cell survival and function would therefore be hypothesized to be protective, especially in transplants in which the time between donor organ removal and transfer to the recipient can lead to significant loss of endothelial cells. This possibility is supported by intradermal injection of the anti-inflammatory cytokine IL-11, which protects human microvascular endothelium in severe combined immunodeficient (SCID) mice bearing human skin grafts (27) . Although IL-11 had no effect on T cell infiltration, T cell activation markers and effector molecules, or endothelial ICAM-1 expression, it was able to significantly delay the time course of graft microvessel loss because of its ability to upregulate survivin, a member of the inhibitors of apoptosis family (27) . Although IL-11 did not completely prevent allograft rejection, this was the first demonstration in vivo of cytokine regulation of survivin and protection from T cellmediated endothelial cell injury.
Cytokine-activated endothelial cells can contribute to antigen presentation and immune cell activation
Although the endothelial cell monolayer primarily serves a protective function in normal vessels, allografts place the immunologically competent endothelial cell in contact with circulating immune cells. Endothelial cells express lymphocyte costimulatory molecules, and when induced by interferon (IFN)-␥ to express major histocompatibility complex (MHC) class II, they can induce proliferation of allogeneic T cells (28) . Infusion of proinflammatory IL-18, a member of the IL-1 cytokine family, into apoE Ϫ / Ϫ mice induced a 4-fold increase in cells expressing MHC class II, including endothelial cells, and an associated increase in aortic T cells (29) . MHC class II expression is enhanced by IFN-␥ , and the IL-18-mediated increase in MHC class II was not seen in male IFN-␥ -null/apoE Ϫ / Ϫ mice infused with IL-18, implying a male-specific requirement for IFN-␥ . However, a T cell-independent role for IFN-␥ was further supported by infusion of IL-18 into SCID/apoE Ϫ / Ϫ mice that lacked T cells (30) . MHC class II expression was increased 3-fold following IL-18 infusion that accompanied a 2-fold induction of IFN-␥ produced by macrophages, NK, and vascular cells (30) . The chemokine MCP-1 can promote another proinflammatory signaling pathway, the CD40/CD40 ligand (CD40L)-coupled signaling that is required for T cell priming and other immune regulation (31) . Administration of an MCP-1 antagonist to apoE Ϫ / Ϫ mice with established lesions decreased CD40 and CD40L expression, including endothelial expression, and reduced T cell infiltration (31) . However, it is unclear whether this is a direct or indirect effect of MCP-1 blockade.
Cytokine involvement in proliferation and migration of endothelial cells, including angiogenesis
Although several cytokine and chemokine receptors are expressed on endothelial cells (see Table 1 ), and some of
Administration of a soluble TNF-␣ receptor following balloon injury of the rat carotid artery decreased intimal lesion formation and accelerated endothelial cell regrowth by 125-140% 1 and 2 weeks after injury by Evan's blue dye labeling of vessel not covered by endothelium (32) . In contrast, blockade of KC for 3 weeks after wire injury of apoE Ϫ / Ϫ carotid arteries with a monoclonal antibody to KC increased neointimal plaque area and decreased endothelial cell regrowth 3-fold, as evaluated by Evan's blue dye labeling and by CD31 and VCAM-1 endothelial cell staining (33) . These data are compatible with the idea that KC normally has a protective role in accelerating endothelial recovery, whereas TNF-␣ can inhibit regrowth, although it is unclear whether the effects are direct or indirect.
The roles of particular angiogenic cytokines have not been tested in models of atherosclerosis; however, inhibition of plaque neovascularization has been demonstrated to be sufficient to decrease macrophage accumulation and plaque progression in advanced lesions of atherosclerosis (34) . IL-2, IL-8, IL-15, and IL-18 have all been shown to induce angiogenesis in vivo (35) (36) (37) (38) . Therefore, it will be important to determine the extent to which these cytokines promote angiogenesis within the context of atherosclerotic lesions.
Cytokines can regulate endothelial-dependent vasorelaxation
A product of endothelial cells that is a potent antiinflammatory agent is nitric oxide, and therefore induction or suppression of nitric oxide by cytokines has the potential to enhance or inhibit the inflammatory response. The receptor for IL-10, an anti-inflammatory cytokine, has been shown to be upregulated under proinflammatory conditions in vivo, and subsequent infusion of IL-10 induces nitric-oxide synthase-3, which attenuates expression of proinflammatory IL-12 (39) . Further, the absence of IL-10 is sufficient to impair endothelial cell-dependent vasorelaxation and is associated with increased superoxide formation, and endothelial impairment is reversed by treatment with superoxide dismutase (40) . In contrast, blockade of the proinflammatory cytokine IFN-␥ in human allografts is sufficient to prevent endothelial cell dysfunction and loss of endothelial nitric oxide expression (41) . Thus, cytokine stimulation of endothelial cells can both positively and negatively modulate expression of endothelial gene products that control vascular tone and the ability of the vessel to respond to vasodilatory signals.
CYTOKINES PROMOTE SMC PHENOTYPIC CHANGES AND THEIR ACCUMULATION WITHIN INTIMAL LESIONS
Progression of early "fatty streak" lesions, consisting of primarily macrophages and T lymphocytes, to intermedi-ate lesions is characterized by the emigration of medial SMCs into the intimal lesions and their deposition of ECM (1) . In more advanced fibrous plaques, SMCs are a predominant cell type and their accumulation and phenotype are critical in determining the extent and characteristics of these lesions. Cytokines can alter SMC phenotype and modulate the nature of matrix synthesis and secretion. For example, cytokines can promote the uptake of modified lipoproteins that leads to SMC foam cell formation in vitro (42) , but the role of cytokines in modulating SMC foam cells in vivo has not been investigated. Table 3 provides examples of cytokine effects on SMC functions that have been characterized in vivo in different models of vascular pathologies. Cytokine effects on SMC phenotype are discussed below using these in vivo data. In considering these studies, it is important to remember that cytokines and chemokines have major effects on monocyte and lymphocyte recruitment and activation [see accompanying review by Alan Daugherty and (3, 4) ]. Thus, effects of cytokine blockade on SMC functions may be indirectly mediated by changes in monocytes and lymphocytes rather than through direct signals for SMCs.
Positive cytokine signaling in vivo contributes to SMC intimal accumulation
The accumulation of SMCs within intimal lesions is the combined result of their migration from the media into the intima and their proliferation (1). Although proliferation in vivo can be evaluated with antibodies to markers such as proliferating cell nuclear antigen, it is much more difficult to evaluate a specific contribution to migration in slowly progressing diseases such as atherosclerosis. The acute injury model, in which balloon or wire injury is used to denude a normal vessel, has been useful for studying migration, because the intimal lesions that form following injury consist primarily of SMCs, and kinetics of proliferation and migration have been characterized (43) . Using this approach, the proinflammatory cytokines MCP-1, stromal cell-derived factor (SDF)1 ␣ , and CCL11 (eotaxin) have been implicated in the promotion of SMC migration and proliferation.
Femoral artery injury in mice lacking the MCP-1 receptor CCR2 results in smaller intimal SMC-rich lesions and less SMC proliferation (44) . The same injury in MCP-1-null mice also resulted in a reduction in intimal lesion size, as compared with MCP-1 ϩ / ϩ littermates, but there was no decrease in the SMC proliferative index (45) . These data have been interpreted to suggest that MCP-1 may have a more important role in mediating SMC migration, whereas CCR2 may regulate cell proliferation (45) . Differences have also been noted between vascular repair in normolipidemic versus hyperlipidemic models, raising the possibility of functional alterations in the MCP-1/CCR2 axis with differing levels of hypercholesterolemia (4). These effects may also be explained by the recent description of a second MCP-1 receptor (46) . Blockade of SDF-1 ␣ in apoE Ϫ / Ϫ mice with a blocking antibody also strongly inhibits the accumulation of SMC in the neointima after vascular injury without any significant change in neointimal macrophage content, an effect mediated to a large degree by recruitment of hematopoietic SMC precursors (47) . The role of CCL11 (eotaxin) on SMC accumulation following injury has not been directly addressed in vivo. However, CCL11 and its receptor, CCR3, are not expressed in normal artery but are abundant in medial and neointimal SMCs after injury (48) . In vitro, CCL11 promotes SMC migration (48) , so it will be interesting to determine whether CCR3 or CCL11 antagonists can inhibit SMC accumulation in injury models. Thus, at least the proinflammatory cytokines MCP-1 and SDF-1 ␣ promote SMC intimal accumulation following arterial injury.
Two other models of vascular injury that have been used to examine cytokine effects on lesion development involve either the placement of a silastic cuff around the femoral artery or ligation of the carotid artery. These models are less well characterized and both have a more significant involvement of inflammatory cells in the injury response. Analysis of mice lacking the natural IL-1 inhibitor IL-1Ra that had significantly increased IL-1 concentrations in the cuff model, showed a 2.5-fold increase in intimal thickness comprised primarily of SMCs and a 110% increase in intimal proliferation (17) . Carotid artery ligation was used to investigate the role of TNF-␣ , and TNF-␣ Ϫ / Ϫ mice showed reduced SMC accumulation (49) . Therefore, the proinflammatory cytokines IL-1 and TNF-␣ both appear to promote SMC accumulation after injury, although the relative contribution of migration versus proliferation is not clear.
Analyses of models of murine atherosclerosis have provided further support for the involvement of the proinflammatory cytokines IL-1 ␤ , TNF-␣ , IFN-␥ , and MIF in SMC accumulation. However, the relative effects are not always the same as those seen following injury in the models discussed above. Advanced lesions in apoE-deficient mice (32 weeks) with reduced expression of IL-1Ra (IL1Ra ϩ / Ϫ mice) showed a small but significant reduction (15%) in ␣ -SMC actin-positive area (50) , in contrast to enhanced SMC proliferation and accumulation following wire injury in mice on a C57BL/6 background (17). The reduction in SMC in lesions of IL-1Ra ϩ / Ϫ /APO Ϫ / Ϫ mice was likely due to the different cellular composition in these advanced lesions in which there was an 86% increase in lesion macrophages and expression of other inflammatory cytokines (50) . Expression of a noncleavable mutant of TNF-␣ that effectively lowers TNF-␣ levels because it remains cell-associated seems to alter SMC phenotype in the medial SMCs adjacent to the lesion by reducing ␣ -actin expression, with no marked effect on SMC proliferation (51) . Thus, the accumulation of SMCs in lesions of atherosclerosis does not appear to be strongly dependent upon the action of IL-1 ␤ and TNF-␣ .
In IFN-␥ receptor-null mice, atherosclerotic lesions appear strikingly less cellular, with increased accumulation of extracellular collagen, suggesting that signaling from IFN-␥ positively contributes to SMC proliferation (52) . This possibility is further supported by studies of LDLRnull mice crossed with IFN-␥ -deficient mice (53 beige mice as hosts, deficient in T and B lymphocytes and natural killer cell function, IFN-␥ has been shown to induce SMC proliferation, but synergistically with the action of platelet-derived growth factor (54) . The proinflammatory cytokine MIF appears to be one of the more potent cytokines in promoting SMC proliferation. MIF deletion leads to an ‫%08ف‬ reduction of SMC proliferation in atherosclerotic lesions of LDLR-null mice (55) . CX3C chemokine ligand 1 (fractalkine) may also play a role in SMC accumulation, because it promotes SMC migration in vitro and is found in intimal SMCs in human atherosclerotic lesions (10) . A positive correlation was observed between SMCs expressing the fractalkine receptor CX3CR1 and fractalkine-expressing cells in human lesions (10) , and targeted deletion of fractalkine on either the LDLR Ϫ/Ϫ or apoE Ϫ/Ϫ background resulted in decreased SMC accumulation (56) . However, because both lesion size and macrophage accumulation were also reduced, it is unclear whether the effect on SMCs is direct or indirect.
Cytokine signaling in vivo can prevent SMC intimal accumulation
Negative regulators of SMC accumulation have also been identified in vivo. Among cytokines with anti-inflammatory properties, as defined by their actions on lymphocytes and monocytes, IL-10 is the best characterized. IL-10 directly inhibits mitogen-induced SMC proliferation in vitro (57) , and its role in vivo has recently been evaluated following injury. In a rabbit model of balloon injury, IL-10 infusion reduced SMC proliferation by 81% (58) , and a similar reduction was seen with IL-10 administration following balloon injury of the rat carotid artery (59) . IL-10 also inhibited intimal and medial SMC accumulation in a murine heart transplant model (22) . Therefore, IL-10 shows inhibitory activity for SMCs in vivo under conditions in which SMCs are the primary intimal cell, and its action may counteract the proatherogenic activity of other cytokines that accumulate in lesions. Lesions in mice overexpressing IL-10 also appear less advanced than those in mice transplanted with wild-type bone marrow, with larger necrotic core area and reduced accumulation of SMCs and ECM, suggesting an antiproliferative SMC activity of IL-10 in murine atherosclerosis as well (60) . Surprisingly, the proinflammatory cytokine, IL-18, also inhibits SMC accumulation in apoE-deficient mice, and its absence leads to a 2-to 3-fold increase in the proportion of ␣-SM-actinpositive cells (61, 62) . Thus, although the majority of cytokines and chemokines promote SMC accumulation either directly or indirectly, two cytokines, IL-10 and IL-18, appear to negatively regulate SMC accumulation in lesions.
Matrix synthesis and remodeling by SMCs alters structural properties of lesions
The pathogenesis of atherosclerosis and restenosis following angioplasty or stent placement includes the abnormal production of ECM proteins by "synthetic" SMCs as well as remodeling of existing ECM components. Disruption and/or modification of SMC interactions with matrix components can significantly influence their responses to locally expressed cytokines and growth factors (63) , and will further alter the structural properties of the vessel. Several in vivo studies have demonstrated direct or indirect roles for cytokines, including transforming growth factor (TGF)-␤, MCP-1, MIF, IL-18, and IFN-␥, on ECM remodeling.
TGF-␤ has a well-established profibrotic activity that has been confirmed in vivo using different approaches. Injection of neutralizing anti-TGF-␤ 1 antibody, or a soluble TGF-␤ receptor that acts as an antagonist, into apoE Ϫ/Ϫ mice has demonstrated a significant reduction in lesion collagen content ‫,)%05ف(‬ with no apparent effect on SMC accumulation (64, 65) . However, transgenic expression of a dominant negative TGF-␤ receptor II in T cells led to the development of thicker and more advanced lesions compared with apoE Ϫ/Ϫ with intact TGF-␤ signaling, although disrupted TGF-␤ signaling was associated with reduced collagen staining (66) . Reduced accumulation of collagen and other ECM components has also been observed in lesions of MIF-deficient mice, suggesting that MIF, similar to TGF-␤, positively contributes to matrix deposition (55) . However, reduced collagen deposition in MIF-null mice has been partially attributed to their increased expression of matrix proteolytic enzymes, such as cathepsin S and l (55) . Other in vivo evidence supports a profibrotic effect of both IL-6 and IL-10 (67, 68).
In contrast, blockade of MCP-1 signaling in apoE Ϫ/Ϫ mice, through the expression of an N-terminal-deleted mutant of MCP-1, leads to the development of more stable atherosclerotic plaques with increased SMC content and collagen deposition (31) . Thus, MCP-1 may be a central mediator in the progression and destabilization of established atherosclerotic plaques, but a direct versus indirect effect has not been determined (31) . Destruction of elastin lamina within the media has also been observed in IL-1Ra-deficient mice, suggesting that IL-1␤ signaling may promote the progression of unstable atherosclerotic plaques (50) . Moreover, at least two in vivo studies indicate that a loss of IFN-␥ signaling leads to substantial changes in lesion composition, supporting the notion that IFN-␥ antagonists may serve to stabilize atherosclerotic plaques (52, 53) . Similarly, overexpression of IL-18 decreases intimal collagen content in apoE-deficient mice (69) , whereas overexpression of its endogenous binding protein increases collagen content (62) .
Thus, TGF-␤ and MIF promote collagen deposition, whereas MCP-1, IL-1, IL-18, and IFN-␥ enhance ECM remodeling. Collagen and elastin degradation, mediated by specific proteolytic enzymes, may facilitate the response of SMCs to the proliferative signaling of different cytokines, and consequently the enlargement of atherosclerotic lesions. Uncontrolled accumulation of SMCs, expressing proinflammatory cytokines, may also perpetuate the local inflammatory response in the arterial wall, leading to the progression and destabilization of advanced atherosclerotic plaques.
Anti-inflammatory cytokine signaling may limit SMC activation
Two cytokines, IL-10 and TGF-␤, are notable in their ability to significantly inhibit the nuclear factor B (NF-B) proinflammatory signaling pathway. NF-B is a pleiotropic transcription factor that has been linked to atherosclerosis (70) and has the ability to modulate a wide array of SMC functions (71) . Activation of NF-B in neointimal SMCs lining the vessel wall is observed after balloon injury of rat carotid arteries, and this response is significantly inhibited in mice and rats treated with IL-10 (59, 72). In vivo administration of blocking anti-TGF-␤ antibody for 9 weeks in atherosclerotic mice is sufficient to induce expression of activated NF-B in the myocardium (73) . Thus, both IL-10 and TGF-␤ are potent inhibitors of the pleotropic NF-B signaling pathway.
Adhesion molecule expression by SMCs following cytokine stimulation may contribute to retention of cells within lesions
Although cell adhesion molecules expressed on endothelial cells directly mediate leukocyte emigration into the vessel wall, increased expression of ICAM-1, VCAM-1, and P-selectin has also been observed in SMCs after vascular injury (74) (75) (76) . More significantly, targeted deletion of the TNF-␣ receptor 1 decreased VCAM-1 and ICAM-1 expression by 50-60% in murine vein graft SMCs and decreased graft neointimal formation (77) . Cytokines can also decrease adhesion molecule expression in vivo, as shown by the ability of adenoviral expression of IL-10 to inhibit ICAM-1 induction following rat venous injury (78) . In contrast, in vivo administration of anti-TGF-␤ antibody for 9 weeks or disruption of TGF-␤ signaling in T cells did not alter VCAM-1 expression in atherosclerotic lesions at the aortic sinus or in SMCs (66, 73) . Thus, TGF-␤ does not appear to alter adhesion molecule expression in SMCs during atherogenesis. Because blockade of cytokines such as TNF-␣ inhibits multiple effects, including the levels of NF-B and other cytokines, it is not possible to evaluate their specific role in decreasing adhesion molecule expression. However, it is tempting to speculate that SMC adhesion molecules may contribute to retention of inflammatory cells within the vessel wall, and consequently further promote the inflammatory response within lesions.
Cytokine signaling may promote antigen presentation and processing
The importance of the adaptive immune response in atherosclerosis remains controversial, with several studies demonstrating that immunization with specific antigens can protect against disease and others showing that disease-related antigens may be responsible for increased atherosclerosis (3). However, atherosclerosis is dramatically enhanced in apoE Ϫ/Ϫ mice with loss of the potent immune inhibitor TGF-␤ resulting from transgenic expression of a dominant negative TGF-␤ receptor II in T cells (66) . Inhibition of TGF-␤ led to an increase in the number of cells, including SMCs, expressing I-A b region of the MHC in lesions of atherosclerosis (66) . In contrast, in post-transplant graft atherosclerosis, administration of immune-promoting cytokine IFN-␥ restored the weak basal expression of MHC class I antigen by graft SMCs (54) . T cells recognize SMC MHC antigens, and their dependence on IFN-␥ for basal expression indicates that IFN-␥ has a physiological role in noninflammatory states. Another proinflammatory cytokine, IL-18, has also been shown to increase the mean number of SMCs expressing MHC II in atherosclerotic lesions of apoE-deficient mice, and appears to act upstream of IFN-␥, inasmuch as administration of IL-18 in IFN-␥-null mice did not alter MHC class II expression (29) . MCP-1 also promotes antigen presentation and the immune response, as has been demonstrated in apoE-null mice treated with an inactive MCP-1 mutant that showed decreased expression of two crucial regulators of antigen presentation, CD40 and CD40L (31).
SUMMARY
During the last five years, transgenic and gene knockout studies in murine models of vascular disease have established cytokines and chemokines as pivotal players in the regulation of endothelial and SMC functions. Although genetic differences between mouse and man preclude direct translation of these findings to human disease, these studies have identified several pathways whose perturbation has the potential to significantly shift the balance between disease progression and retardation. Among the cytokines that promote disease progression, TNF-␣ plays a major role in the induction of endothelial and SMC adhesion molecule expression and blockade of endothelial regrowth after injury (5, 6, 15, 16, 21, 77, 79) . MIF also induces disease progression as a potent stimulant of SMC accumulation and matrix deposition following vascular injury and in atherosclerosis (55, 80) . In contrast, IL-10 retards lesion progression through its reduction of SMC accumulation (59) and inhibition of both endothelial (22, 40, 78) and SMC (59, 72) activation.
An important goal of future studies will be more-detailed investigation of the particular genes and pro-and antiinflammatory pathways regulated by different cytokines in atherogenesis. A better understanding of the responses of specific vascular cells, as well as of the implications of the ability of a single cytokine to induce an amplification cascade of multiple additional downstream cytokines and chemokines, is also needed. The function of cytokines and chemokines within advanced lesions of atherosclerosis merits particular attention, because this represents the clinically relevant lesion. This challenge could lead to promising novel therapeutic targets for anti-inflammatory therapies, potentially even harnessing some of the sophisticated regulatory systems designed to normally limit the inflammatory response.
